Phytanic acid is a branched-chain, saturated fatty acid present in high concentrations in dairy products and ruminant fat. Some other dietary fats contain lower levels of phytol, which is readily converted to phytanic acid after absorption. Phytanic acid is a peroxisome proliferator binding the nuclear transcription factor peroxisome proliferator-activated receptor a (PPARa) to induce expression of genes encoding enzymes of fatty acid oxidation in peroxisomes and mitochondria. Administration of dietary phytol (0.5% or 1%) to normal mice for twelve to eighteen days caused consistent PPARa-mediated responses, such as lower body weights, higher liver weights, peroxisome proliferation, increased catalase expression, and hepatocellular hypertrophy and hyperplasia. Female mice fed 0.5% phytol and male and female mice fed 1% phytol exhibited midzonal hepatocellular necrosis, periportal hepatocellular fatty vacuolation, and corresponding increases in liver levels of the phytol metabolites phytanic acid and pristanic acid. Hepatic expression of sterol carrier protein-x (SCP-x) was five-to twelve-fold lower in female mice than in male mice. These results suggest that phytol may cause selective midzonal hepatocellular necrosis in mice, an uncommon pattern of hepatotoxic injury, and that the greater susceptibility of female mice may reflect a lower capacity to oxidize phytanic acid because of their intrinsically lower hepatic expression of SCP-x.
INTRODUCTION
Phytanic acid is a branched-chain, saturated fatty acid present in high concentrations in dairy products and ruminant fat (Steinberg 1995) , serving as the main branched-chain fatty acid in the human diet. Degradation of chlorophyll by ruminal bacteria produces phytol, which is readily converted to phytanic acid in ruminant tissues (Steinberg 1995) . Other dietary fats including vegetable oils contain lower levels of free phytol, which is readily converted to phytanic acid after absorption. There is no endogenous synthesis of either phytol or phytanic acid. Phytanic acid undergoes aand b-oxidation in peroxisomes, yielding shortened products that are transported to the mitochondria for further oxidation (Reddy and Hashimoto 2001; Seedorf et al. 1998; Westin et al. 2007 ). In humans, hereditary defects in specific peroxisomal enzymes (for example, Refsum's disease) and generalized peroxisomal disorders cause massive accumulation of phytanic acid and its metabolites (Steinberg 1995; Reddy and Hashimoto 2001; Verhoeven et al. 1998; Wanders et al. 1995) . Recent evidence suggests a link between high dietary intake of phytanic acid and increased risk of prostate cancer in humans, possibly mediated through the peroxisomal enzyme a-methylacyl-CoA racemase (Mobley et al. 2003; Thornburg et al. 2006) .
Phytanic acid stimulates peroxisome proliferation, is the highest affinity naturally occurring ligand that binds the nuclear transcription factor peroxisome proliferator-activated receptor a (PPARa), and is the most potent naturally occurring ligand that induces expression of genes encoding enzymes of fatty acid oxidation in peroxisomes and mitochondria (Ellinghaus et al. 1999; Gloerich et al. 2005; Gloerich et al. 2007; Hostetler et al. 2006; Reddy and Hashimoto 2001) . There is also evidence that phytol as well as phytanic acid can directly bind to and activate PPARa in intact cells (Goto et al. 2005) . Other natural PPARa activators include very long chain fatty acids, polyunsaturated fatty acids, and eicosanoids (Hostetler et al. 2006; Reddy and Hashimoto 2001) . Synthetic PPARa activators include fibrates, therapeutic hypolipidemic agents (Hostetler et al. 2005) . Because of the critical role peroxisomal oxidation plays in the metabolism of branched-chain fatty acids, dietary phytol may be used to investigate the role of specific proteins in peroxisomal uptake and oxidation of lipids. Sterol carrier protein-x (SCP-x) is one such lipid-binding protein which appears to play a key role in the peroxisomal metabolism of branched-chain lipids including phytanic acid. In vitro studies indicate that SCP-x has a dual role, acting not only as a transport protein in the peroxisomal uptake of a variety of lipids, but also as a thiolase enzyme in the oxidation of branched-chain lipids (Seedorf et al. 1998 ). This paper describes hepatic lesions developing in mice after feeding phytol at two different levels for twelve to eighteen days, and correlation of lesions to liver levels of phytanic acid and its metabolites.
MATERIALS AND METHODS

Animals
Mice in the present study were of a hybrid C57BL/6NCR 129/SvJ background and were wild type (þ/þ) littermates from previously described studies (Atshaves et al. 2005; Atshaves et al. 2007 ). Mice were kept under a twelve-hour light/dark cycle in a temperature-controlled (25 C) facility with access ad libitum to food and water. Mice in the facility were monitored quarterly for infectious diseases and were specific pathogen free, particularly in reference to mouse hepatitis virus. Animal protocols were approved by the Animal Care and Use Committee of Texas A&M University.
Antibodies
Rabbit polyclonal antibody directed against catalase was purchased from Biodesign (Kennebunk, ME, USA). Rabbit polyclonal antibody directed against mouse SCP-x was prepared as described previously (Atshaves et al. 1999) . Mouse monoclonal antibody directed against glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was purchased from Millipore (Billerica, MA, USA).
Dietary (phytol) Studies
At seven weeks of age, male and female mice were moved from a standard pelleted rodent chow mix (5% calories from fat) to a modified AIN-76A phytol-free, phytoestrogen-free pelleted rodent diet (5% calories from fat, # D11243, Research Diets, Inc., New Brunswick, NJ, USA) one week before the start of the feeding studies. After one week, one half of the mice remained on the phytol-free diet, whereas the rest were switched to the modified AIN-76A pelleted rodent diet supplemented with either 0.5% or 1.0% phytol (5% calories from fat, Diet # D01020601, Research Diets, Inc.). These amounts are approximately ten to one hundred times the total amount of free phytol and phytanic acid normally present in laboratory rodent diets (Seedorf et al. 1998) , though the amount of phytol/phytanic acid in standard laboratory chow varies widely. Each feeding group consisted of three to eight animals per sex. Four separate studies were undertaken: (a) 0.5% phytol for twelve days, (b) 0.5% phytol for fourteen days; (b) 0.5% phytol for eighteen days; and (c) 1.0% phytol for twelve days. Food intake and mouse body weights were monitored every other day.
Animal Sacrifice and Tissue Collection
At the end of each study, animals were fasted overnight and anesthetized (ketamine 100 mg/kg; zylaxine 10 mg/kg). Whole-body, dual-energy x-ray absorptiometry (DEXA) was performed using a Lunar PIXImus densitometer (Lunar, Madison, WI, USA) to determine the fat tissue mass (FTM) and lean tissue mass (LTM), as previously described (Atshaves et al. 2004; Atshaves et al. 2005 ). Blood was then collected from the anesthetized mice by cardiac puncture, and the serum was stored at -80 C. Each animal was euthanized by cervical dislocation. Livers were harvested, weighed, and sampled for histological and ultrastructural examination, with the remaining portions snap-frozen on dry ice and stored at -80 C for subsequent analysis.
Histopathology
Liver slices were excised near the porta hepatis and fixed in 10% neutral buffered formalin for twenty-four to forty-eight hours. The tissues were then transferred to 70% ethyl alcohol, processed, and embedded in paraffin. Liver sections (5 mm thick) were stained with hematoxylin and eosin (H&E) for histologic examination under a light microscope. Severity of necrosis was graded as follows: score 0, normal; 1, minimal change; 2, mild change; 3, moderate change; and 4, severe change. Hepatocyte proliferation was assessed by immunohistochemical staining for proliferating cell nuclear antigen (PCNA), using a mouse monoclonal antibody (Clone PC10) (Dako, Carpinteria, CA, USA) and the ARK visualization system (Dako) according to the manufacturer's instructions. Peroxisomes in hepatocytes were stained selectively for catalase using diaminobenzidine (DAB), and peroxisome volume density was determined by morphometric analysis, as described previously (Atshaves et al. 2004) .
Western Blotting
Expression of the peroxisomal enzymes catalase and SCP-x was determined by Western blot analysis, as described previously (Atshaves et al. 2004) . Briefly, liver homogenates were centrifuged at 100,000 g for one hour to isolate the cytosolic fraction. Cytosolic proteins were separated on tricine gels, transferred to nitrocellulose membranes, and incubated with affinity-purified antibodies against catalase (1:1000 dilution) or SCP-x (1:500 dilution). Proteins were quantified by densitometric analysis, using standard curves generated from Western blots of pure SCP-x. Catalase was expressed as relative intensities. To control for protein loading, Western blots were incubated with an antibody against GAPDH, a common housekeeping gene product, and the expression of catalase and SCP-x was normalized to the mean expression of GAPDH.
Lipid Analyses (phytanic acid and pristanic acid)
Lipid standards were purchased from Nu-Chek Prep, Inc. (Elysian, MN, USA) and Avanti (Alabasta, AL, USA). Phytanic acid and phytol were purchased from Sigma (St. Louis, MO, USA). Pristanic acid was a gift from Dr. Herman J. ten Brink (Free University Hospital, Amsterdam, The Netherlands). Lipids were extracted from liver homogenates with 3:2 (vol/vol) n-hexane-2-propanol and immediately stored under an atmosphere of N 2 to limit oxidation. Fatty acid composition was determined as described previously (Atshaves et al. 2004; Atshaves et al. 2005) . The extracted lipid fraction was subjected to acid-catalyzed transesterification followed by extraction into n-hexane and separation by gas-liquid chromatography. Phytol metabolites (phytanic acid and pristanic acid) were confirmed by gas chromatography-mass spectroscopy.
Statistics
Values were expressed as the mean + SEM. Statistical analysis was performed using the unpaired Student's t test 202 MACKIE ET AL. TOXICOLOGIC PATHOLOGY (GraphPad Prism, San Diego, CA, USA). Values with p < .05 were considered statistically significant.
RESULTS
There was no significant difference in food consumption between phytol-fed mice and control mice (data not shown). Body weights at the end of the study were significantly lower in male mice on 1% phytol but not 0.5% phytol ( Figure 1A) . These effects were even more prominent in female mice fed 1% phytol or even 0.5% phytol ( Figure 1B) . On DEXA scans, the phytol-induced weight loss was a result of reduction of both FTM and LTM (data not shown). Liver weight was significantly increased in most groups of phytol-fed mice, but there was no obvious sex difference ( Figures 1C, 1D) . Peroxisome proliferation was evident in phytol-fed mice, especially females, as determined by quantitative analysis of Western blots for catalase expression ( Figure 2 ) and light microscopic evaluation of sections stained with DAB for catalase (data not shown).
Grossly, some livers from female mice fed 0.5% phytol and male and female mice fed 1% phytol in the diet were enlarged, pale, and friable, with an accentuated lobular pattern. Microscopically, livers from male mice on 0.5% phytol were usually normal in appearance or exhibited subtle hepatocellular hypertrophy ( Figure 3C) . In contrast, all female mice on 0.5% phytol and all male and female mice on 1% phytol exhibited necrosis and loss of hepatocytes ( Figures 3D-3F) , which tended to be most severe in female mice fed 1% phytol (Figure 4) . The necrosis was predominantly midzonal in distribution. In some mice, the necrosis extended to involve centrilobular hepatocytes, though there was a tendency to preserve at least the last one or two rows of hepatocytes surrounding the central veins. Based on morphology, cell death appeared to be occurring by both apoptosis (Figure 3D , inset) and non-apoptotic mechanisms ( Figure 3F ). An inflammatory reaction, consisting mainly of macrophages, with fewer neutrophils in places, was associated with the necrosis in some but not all affected livers. The severity of the inflammation tended to correlate with the severity of the necrosis. In some areas, midzonal apoptosis was occurring with no or minimal associated inflammation. In the most severely affected livers, occasional multinucleated giant cells and foci of mineralization were observed. Additional changes, more pronounced in male and female mice on 1% phytol, included hepatocellular hypertrophy (mainly centrilobular, but occasionally also periportal), and periportal hepatocellular fatty vacuolation. The midzonal necrosis tended to occur at the edge of the zone of periportal hepatocytes undergoing fatty vacuolation (Figures 3E and 3F) . Increased numbers of mitotic figures and immunohistochemical staining for PCNA indicated a higher rate of hepatocellular proliferation in phytol-fed mice ( Figure 5 ). Minimal to mild hyperplasia of bile Vol. 37, No. 2, 2009 PHYTOL-INDUCED HEPATOTOXICITY IN MICE 203 ductule epithelial cells was observed in a minority of phytolfed mice, but there was no cholestasis, necrosis, or inflammation of the biliary epithelium to suggest injury to the biliary system. Liver levels of the phytol metabolites phytanic acid and pristanic acid were significantly elevated in female mice on 0.5% phytol and male and female mice on 1% phytol ( Figure 6) . In female mice, these changes appeared to be time and dose dependent.
Hepatic expression of SCP-x, determined by quantitative analysis of Western blots, was five-to twelve-fold lower in control female mice than in control male mice (Figure 7) . Expression of SCP-x was significantly increased in male mice fed 0.5% phytol and in female mice fed 0.5% phytol and 1% phytol compared with control mice.
DISCUSSION
Phytol-fed mice exhibited consistent PPARa-mediated responses (Cattley and Popp 2002) such as lower body weights, higher liver weights, peroxisome proliferation, increased catalase expression, centrilobular hepatocellular hypertrophy, and hepatocellular hyperplasia.
A higher dietary phytol level was associated with hepatocellular necrosis and inflammation, presumed to be secondary inflammation. The primarily mid-zonal necrosis appeared to occur by both apoptotic and non-apoptotic mechanisms. Female mice were more susceptible to lower concentrations (0.5%) of dietary phytol than were male mice, as indicated by lower body weights, higher liver weights, and higher necrosis and inflammation scores. At the light microscopic level, there was no evidence of injury to the biliary system, indicating that microscopically visible damage was confined to hepatocytes.
The greater susceptibility of female mice to the toxic effects of dietary phytol may reflect sexual dimorphism in the absorption of phytol from the diet or in any one of numerous metabolic enzymes. One such enzyme is SCP-x, a lipidbinding protein which also catalyzes the thiolase step in the oxidation of branched chain lipids such as phytanic acid (Seedorf et al. 1998) . Data from the present and previous studies demonstrate a five-to twelve-fold lower hepatic expression of SCP-x in female mice compared with male mice (Atshaves et al. 2005; Atshaves et al. 2007) . Compared with control mice, mice that exhibited hepatic necrosis (female mice on 0.5% phytol and male and female mice on 1% phytol) had significantly higher liver levels of the phytol metabolites phytanic acid and pristanic acid. Both of these metabolites are upstream from the thiolase step catalyzed by SCP-x. Taken together, these results are consistent with female mice having a lower capacity for peroxisomal oxidation of phytanic acid owing to their relatively lower hepatic levels of SCP-x compared to male mice, and provide further in vivo support for the proposed role of SCP-x in branched-chain fatty acid oxidation. These pathology findings confirm and extend a previous observation regarding sexually dimorphic metabolism of phytol in C57BL/6J mice (Atshaves et al. 2004) .
The mechanism of hepatocellular necrosis associated with phytanic acid is not known. Hepatocellular damage could potentially result from phytanic acid accumulation leading to hyperstimulation of PPARa, increased peroxisomal proliferation and enhanced production of hydrogen peroxide (via b-oxidation of pristanic acid in peroxisomes) and accompanying reactive oxygen species, or production of other toxic intermediate compounds such as dicarboxylic acids (via induction of CYP4A and subsequent !-oxidation of fatty acid in the smooth endoplasmic reticulum). Alternative mechanisms could include interference with mitochondrial function, or membrane damage from insertion of the ''thorny'' branched-chain phytanic acid molecule in the highly ordered structure of the membrane lipid bilayer (Komen et al. 2007; Steinberg 1995) . The necrosis accumulating lipid. Similarly, a lack of correlation between lipid accumulation and cytotoxicity has been reported from in vitro studies of L cell fibroblasts exposed to phytanic acid (Atshaves et al. 2002) .
Midzonal hepatocellular necrosis is unusual, as most hepatotoxins produce centrilobular, and less frequently periportal, necrosis (Cattley and Popp 2002; Kelly 1993) . Selective midzonal necrosis has been described with compounds such as ngaione (a furan component from plants of the genus Myoporum) and aflatoxins (Kelly 1993) . Contamination of the feed by aflatoxin is considered very unlikely to be the cause of the observed hepatic necrosis, as no lesions were observed in control animals and yet consistent lesions were seen in phytol-fed animals in the four separate studies. It is not clear what specific properties of midzonal hepatocytes predispose them to certain toxins, although it is almost certainly a function of metabolic gradients that exist across the liver lobule, which in some cases may lead to incomplete degradation of reactive intermediate metabolites (Jungermann 1988; Kelly 1993) . Susceptibility of midzonal hepatocytes to phytol-induced injury may reflect the net effect of competing, gradient-associated factors including delivery of phytanic acid to the lobules via portal blood, peroxisomal and mitochondrial density, the speed and extent of oxidation of phytanic acid, and production of potentially toxic intermediate compounds including CYP4A metabolites such as dicarboxylic acids.
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